ABSTRACT A multi-enzyme complex of fatty acid oxidation has been isolated from E. coli B-cells and has been purified to near homogeneity by a simple two-step procedure. The complex exhibits thiolase (EC 2.3.1.9), enoyl-CoA hydratase (EC 4.2.1.17), and 3-hydroxacyl-CoA dehydrogenase (EC 1.1.1.35) activities towards short-, medium-, and long-chain substrates. The complex has been estimated to have a molecular weight of approximately 300,000 and is apparently composed of two types of subunits with molecular weights of 78,000 and 42,000. The sequence of reactions by which long-chain fatty acids are degraded to acetyl-CoA was elucidated more than 20 years ago, and most of the enzymes of ,8-oxidation have been purified and extensively studied (1). However, little is known about the regulation of this metabolic pathway in eukaryotic cells and about the in vivo organization of the enzymes of fl-oxidation. The virtual absence of intermediates of fatty acid oxidation in mitochondria (2) suggests that the enzymes function in a coordinate manner and perhaps exist in lvo in a highly ordered arrangement which is disrupted when the mitochondria are broken. Should an ordered enzyme complex of fl-oxidation exist in mitochondria, it may be attached to the inner mitochondrial membrane because the reduction equivalents generated during the dehydrogenation of acyl-CoA are assumed to enter the electron transport chain via the electron-transferring protein. (5) with fatty acid oxidation mutants led to the suggestion that the genes for thiolase, crotonase, and 3-hydroxyacyl-CoA dehydrogenase form an operon. Because of the extensive genetic work done by Overath and because of the availability of fatty acid oxidation mutants, we decided to study the enzymes of fl-oxidation from E. coli with the hope of gaining further insight into the regulation and organization of the enzymes of fl-oxidation. In this communication, we report the isolation and purification of a multi-enzyme complex of fatty acid oxidation from E. coli B cells. This
acid oxidation were grown in M-9 mineral salts with oleate as the sole carbon source, as described by Overath et al. (5) . The CoA derivatives of A23-hexenoic acid and its longer-chain homologues were synthesized by reacting their mixed anhydrides with CoA, as described (6) . The 3-ketoacyl-CoA substrates were synthesized enzymatically from their respective A2,3-enoyl CoA derivatives in the presence of enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase, as described (7) . Acetoacetyl-CoA was prepared from diketene and CoA as described by Seubert (8) . 3-Hydroxyacyl-CoA dehydrogenase was purchased from Boehringer Mannheim. Enoyl-CoA hydratase was isolated from beef liver by the procedure of Steinman and Hill (9) .
Thiolase activity was assayed spectrophotometrically by following the decrease in absorbance at 303 nm due to the disappearance of the Mg+2-enolate complex of the 3-ketoacyl-CoA substrates, as described (7) . The extinction coefficients used in calculating thiolase activities were; acetoacetyl-CoA, 16 .9 X 103 cm-1 M-1; 3-ketohexanoyl-CoA, 15.6 X 103 cm-' M-1; and 3-ketodecanoyl-CoA, 13.5 X 103 cm-1 M-1 (10) . The latter value was also used as the extinction coefficient for 3-ketododecanoyl-CoA and 3-ketohexadecanoyl-CoA. The extinction coefficient used in calculating thiolase activity with 3-ketooctanoyl-CoA was 14i5 X 103 cm1 M-1 (J. F. Binstock, unpublished observations). The assay of 3-hydroxyacyl-CoA dehydrogenase was based on the substrate-dependent oxidation of NADH which was followed by measuring the change in absorbance at 340 nm at 25°(4). Enoyl-CoA hydratase was assayed by following spectrophotometrically the hydration of A2'3-enoyl-CoA substrates at 263 nm, as described (6) . The acyl-CoA synthetase activity was measured by using the assay of Kornberg and Pricer as described by Overath (5) . The spectrophotometric assay of acyl-CoA dehydrogenase was performed by measuring at 492 nm the reduction of iodonitrotetrazolium chloride in the presence of phenazine methosulfate, similar to the procedure of Dommes and Kunau (11) .
Units of enzyme activity are expressed as Mumol of substrates utilized or products formed per min. Protein concentrations were determined by the method of Lowry et al. (12) .
Disc gel electrophoresis was performed on 7.5% polyacrylamide gels at 15°and pH 8.5, as described by Davis (13) . Polyacrylamide disc gel electrophoresis in the presence of sodium dodecyl sulfate was carried out as described by Weber and Osborn (14) . Gradient gel electrophoresis was performed on 4-3o polyacrylamide gradient slab gels at pH 8.35 and 15°f or 20 hr on a Pharmacia GE-4 electrophoresis apparatus.
The multi-enzyme complex of fatty acid oxidation was purified by heat treatment of an E. coli B homogenate followed by chromatography on phosphocellulose. Since thiolase I has previously been purified (7) and is shown in this report to be a component enzyme of the fatty acid oxidation complex, the published purification procedure of thiolase 1 (7) is in fact the purification procedure of the complex.
Molecular weight estimations were carried out on a standardized Sephadex G-200 column by the procedure of Andrews (15) , and in a similar manner on a standardized Sepharose 6B column.
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RESULTS
During the purification of enzymes of ,B-oxidation from E. coili B cells on phosphocellulose, it was observed that thiolase, 3-hydroxyacyl-CoA dehydrogenase, and enoyI-CoA hydratase cochromatographed (see Fig. 1 ). The enzyme preparation obtained after phosphocellulose chromatography was active with short-and medium-chain substrates of all three enzymes. The results of the simple two-step purification, as summarized in Since it is possible that the three enzymes cochromatographed as a result of the heat treatment, this step was omitted during the purification of one enzyme preparation. This preparation, as judged by phosphocellulose chromatography, polyacrylamide gradient gel electrophoresis, and gel electrophoresis in the presence of sodium dodecyl sulfate, was identical to preparations that had been heat treated. The purified enzyme preparation that had been subjected to heat treatment was apparently devoid of acyl-CoA synthetase and acyl-CoA dehydrogenase activities, but the effect of the heat treatment on these two activities has not yet been studied.
The purity of the preparation of the fatty acid oxidation enzymes after phosphocellulose chromatography was evaluated by polyacrylamide disc gel electrophoresis. As can be seen in Fig. 2 , a single protein band was observed which was associated with short-and medium-chain activities of thiolase, enoyl-CoA hydratase, and 3-hydroxyacyl-CoA dehydrogenase. A single band was also observed when the enzyme preparation was subjected to electrophoresis on a polyacrylamide gradient gel. Additionally, the cofiltration of the three enzyme activities on Sepharose 6B (see Fig. 3 ) further indicates that they behave as a single protein. The fact that thiolase, enoyl-CoA hydratase, and 3-hydroxyacyl-CoA dehydrogenase cochromatographed on phosphocellulose and Sepharose 6B and comigrated during polyacrylamide gel electrophoresis suggests the existence of a multi-enzyme complex of fatty acid oxidation in E. coli.
The native molecular weight of this complex, as determined by gel filtration on Sephadex G-200 and Sepharose 6B, was estimated to be 320,000. When subjected to polyacrylamide gradient gel electrophoresis, the complex behaved as a protein with a molecular weight of 270,000 when compared to the mobilities of bovine serum albumin, lactate dehydrogenase, catalase, and apoferritin on the same gel. This high molecular weight obtained by these three methods supports the existence preparation was rechromatographed on a second phosphocellulose column, the specific activities of all three enzymes remained virtually unchanged (data not shown), whereas the subunit pattern showed a decrease of band III, as illustrated in Fig. 4B . Thus, the change in subunit pattern indicates that band III is not an inherent part of the complex. The appearance of a minor band in front of band I (see Fig. 4B ) may be an artifact since it was not observed in the protein pattern of the original preparation (see Fig. 4A ). The subunit structure was also determined after heating the sample in the presence of sodium dodecyl sulfate at 1000C for 5 min in order to destroy any existing protease activity, as described by Stoops et al. (16) . The subunit pattern of this preparation was identical to that of the unheated sample. The multi-enzyme complex of fatty acid oxidation, therefore, appears to be comprised of two types of subunits of molecular weights 78,000 and 42,000. Since different proteins do not stain equally well on sodium dodecyl sulfate gels (A. Pramanik, unpublished observation), the molar ratio of the two subunits and thus the quaternary structure of the complex has not yet been exactly determined.
The substrate specificities of the three component enzymes of the complex were determined spectrophotometrically at pH 8. Thiolase and enoyl-CoA hydratase, but not 3-hydroxyacylCoA dehydrogenase, were assayed by the standard procedures described in Materials and Methods. The 3-hydroxyacyl-CoA dehydrogenase activities were followed in this experiment by measuring the rate of dehydrogenation of 3-hydroxyacyl-CoA substrates because the enzyme catalyzes the reaction in this direction during the in vivo oxidation of fatty acids. It should be noted that the activities of the dehydrogenase obtained with this assay are different from and generally much lower than the activities observed with the standard assay. As shown in Fig.  5 , all enzymes were active on substrates over a broad range of chain lengths. The activity of enoyl-CoA hydratase is highest with short-chain substrates, specifically with crotonyl-CoA and A2'3-hexenoyl-CoA, but decreases continuously with increasing chain length of the substrates. In contrast, thiolase and 3-hydroxyacyl-CoA dehydrogenase exhibit both their highest activities with the medium-chain substrates. Since long-chain acyl-CoA derivatives are good detergents and therefore cause the inactivation of many enzymes, it is possible that thiolase and 3-hydroxyacyl-CoA dehydrogenase are most active under in vio conditions with long-chain substrates. Fig. 5 also demonstrates that the slowest reaction measured with the complex was the thiolytic cleavage of acetoacetyl-CoA, which may be the rate-limiting step in (3-oxidation, unless the activities of the acyl-CoA dehydrogenases are even lower. DISCUSSION The data presented above demonstrate the existence of a multi-enzyme complex of fatty acid oxidation in E. coil B cells. This complex exhibits thiolase, enoyl-CoA hydratase, and 3-hydroxyacyl-CoA dehydrogenase activites that remained associated even when the complex was purified to near homogeneity. Acyl-CoA synthetase and the acyl-CoA dehydrogenase activities are apparently not part of the complex. In view of these findings, it is interesting to note that the genes for thiolase, enoyl-CoA hydratase, and 3-hydroxyacyl CoA dehydrogenase (5), but not those for acyl-CoA synthetase (5) and the acyl-CoA dehydrogenases (17) , are closely linked and perhaps form an operon (fad operon). The fad operon possibly assures the synthesis of the three component enzymes of the fatty acid oxidation complex in amounts necessary for the correct assembly of the multi-enzyme complex.
Activity measurements with the multi-enzyme complex revealed that the component enzymes were active with substrates of all chain lengths. Similar to the mammalian enzymes, enoyl-CoA hydratase exhibited maximal activity with shortchain substrates whereas the highest thiolase and 3-hydroxyacyl-CoA dehydrogenase activities were observed with medium-chain substrates. The presence of three enzyme activities in the complex, which appears to be composed of only two types of polypeptide, leads to the suggestion that only one enzyme each catalyzes the hydration, dehydrogenation, and thiolytic cleavage over the whole chain length range. Since we have not observed significant amounts of thiolase or 3-hydroxyacyl-CoA dehydrogenase activities separate from the complex, we cannot provide an explanation for the observation of Klein et al. (18) that mutants lacking acetoacetyl-CoA thiolase or 3-hydroxybutyryl-CoA dehydrogenase activities can partially or even totally degrade long-chain fatty acids. It is however possible that extremely labile thiolase and 3-hydroxyacyl-CoA dehydrogenase activities have so far gone undetected.
The isolation of the three enzymes of (-oxidation in the form of a multi-enzyme complex provides the opportunity to compare the catalytic efficiency of an integrated enzyme system with that of an enzyme mixture. Furthermore, a detailed study of the quaternary structure of the complex will provide an understanding of the in vivo organization of the enzymes of (3-oxidation. It is anticipated that a detailed picture of the E. coli fatty acid oxidation system will be helpful in our continuous efforts to elucidate the organization and regulation of the mitochondrial (3- 
